Accumulation of amyloid b (Ab) and tau represent the two major pathological hallmarks of Alzheimer's disease (AD). Despite the critical importance of Ab accumulation as an early event in AD pathogenesis, multiple lines of evidence indicate that tau is required to mediate Ab-induced neurotoxic signals in neurons. We have previously shown that the scaffolding protein Ran-binding protein 9 (RanBP9), which is highly elevated in brains of AD and AD mouse models, both enhances Ab production and mediates Ab-induced neurotoxicity. However, it is unknown whether and how RanBP9 transmits Ab-induced neurotoxic signals to tau. Here we show for the first time that overexpression or knockdown of RanBP9 directly enhances and reduces tau levels, respectively, in vitro and in vivo. Such changes in tau levels are associated with the ability of RanBP9 to physically interact with tau and heat shock protein 90/heat shock cognate 70 (Hsp90/Hsc70) complexes. Meanwhile, both RanBP9 and tau levels are simultaneously reduced by Hsp90 or Hsc70 inhibitors, whereas overexpression or knockdown of RanBP9 significantly diminishes the anti-tau potency of Hsp90/Hsc70 inhibitors as well as Hsc70 variants (WT & E175S). Further, RanBP9 increases the capacity for Hsp90 and Hsc70 complexes to bind ATP and enhances their ATPase activities in vitro. These observations in vitro and cell lines are recapitulated in primary neurons and in vivo, as genetic reduction in RanBP9 not only ameliorates tauopathy in Tau-P301S mice but also rescues the deficits in synaptic integrity and plasticity.
Introduction
The major pathological hallmarks of Alzheimer's disease (AD) are the accumulation of amyloid b (Ab) and hyperphosphorylated tau in senile plaques and neurofibrillary tangles, respectively, associated with mitochondrial and synaptic dysfunction, cytoskeletal aberrations, and neuroinflammation. Recent studies have demonstrated that Ab-induced neurotoxic signals are ultimately transmitted via tau since the loss of tau abrogates many deleterious effects of Ab-induced mitochondrial/synaptic dysfunction and cognitive impairments (1) (2) (3) . Therefore, identification of upstream and downstream intermediates of Ab-and phospho-tau-induced neurotoxic mechanisms are critically important to understand underlying pathological pathways in AD.
The microtubule-associated protein (MAP) tau, which functions to stabilize microtubules (MTs), is an intrinsically disordered protein that promotes tauopathy via its post-translational modification and abnormal accumulation (4) (5) (6) . Multiple studies have shown that tau stability is highly dependent on molecular chaperons such as heat shock protein 90 (Hsp90) and heat shock protein 70 (Hsp70), two major molecular chaperones that affect tau misfolding, self-aggregation, and clearance (7) (8) (9) (10) (11) . While Hsp90, the most abundant chaperone protein in neurons, is known to refold or degrade various aberrant misfolded proteins, it also has been associated with preserving aberrant tau. Indeed, it has been reported that various Hsp90 inhibitors lead to the degradation of abnormal tau and reduced tauopathy (9, 12) . It has also been shown that heat shock cognate 70 (Hsc70), a constitutively expressed Hsp70 isoform, also preserves aberrant tau levels upon microtubule destabilization (10) . Accordingly, several Hsc70 inhibitors have also shown to decrease tau levels in vitro and in vivo (11, (13) (14) (15) .
We have previously shown that the scaffolding protein, Ranbinding protein 9 (RanBP9), is significantly increased in the brains of AD patients and the APP transgenic mouse models (16) (17) (18) . Furthermore, we found that RanBP9 promotes Ab production by enhancing the endocytosis of the amyloid precursor protein (APP) by scaffolding APP/BACE1 complexes while simultaneously promoting Ab-induced neurotoxicity by disrupting integrin-dependent focal adhesion complexes and inducing mitochondrial dysfunction (17) (18) (19) (20) (21) . Given that tau is ultimately required to transmit Ab-induced neurotoxic signals to induce synaptic/mitochondrial dysfunction and cognitive impairment (22, 23) , we hypothesized that RanBP9 functions as an integral intermediate that also promotes tauopathy. In this study, we show for the first time that RanBP9 increases tau levels by promoting tau/Hsp90/Hsc70 complexes and that genetic reduction in RanBP9 significantly mitigates tauopathy, gliosis, and synaptic dysfunction associated with Tau-P301S transgenic mice.
Results

Endogenous RanBP9 regulates tau levels without altering tau mRNA
To determine whether the scaffolding protein RanBP9 plays a role in the regulation of tau, we first used HeLa cells stably transfected with V5-tagged human 4R0N tau (Hela V5-Tau). In these cells, we transfected control or RanBP9 siRNA to biochemically assess total and phospho-tau levels. Surprisingly, knockdown of endogenous RanBP9 by siRNA significantly reduced both total tau (Tau46 antibody) and phospho-tau (PHF1 antibody) concomitant with a reduction in RanBP9 ( Fig. 1A and B) . Next, we next cultured cortical primary neurons derived from wild type (WT), Tau-P301S (PS19) (24) , and Tau-P301S transgenic mice with hemizygous RanBP9 deficiency (Tau-P301S;RanBP9þ/À). Indeed, we observed an increase in total tau (Tau46) and PHF1-tau in Tau-P301S transgenic neurons, which were significantly reversed in littermate Tau-P301S;RanBP9þ/À neurons on DIV14 ( Fig. 1C and D) . Both the upper transgenic tau and lower endogenous tau bands were reduced by RanBP9 genetic reduction, and RanBP9þ/À neurons consistently demonstrated a 50-70% reduction in endogenous RanBP9 (Fig. 1C) as we previously demonstrated (17) (18) (19) . To ascertain this result in a different way in primary neurons, DIV21 neurons were stained for total tau (Tau5 antibody). Quantification of tau intensity in primary neurites indeed confirmed that tau levels were increased in Tau-P301S neurons compare to WT littermate neurons, whereas Tau-P301S;RanBP9þ/À neurons demonstrated a significant reduction in tau intensity ( Fig. 1E and F) , indicating that endogenous RanBP9 increases tau levels in cell lines and in primary neurons.
We next examined whether RanBP9 alters tau protein levels at the level of tau mRNA. To this end, we first performed quantitative RT-PCR (qRT-PCR) to monitor human tau mRNA levels in brains 5-month old Tau-P301S and Tau-P301S;RanBP9þ/ À mice. We observed no differences in relative human tau mRNA levels between the genotypes (Fig. 1G) . Furthermore, we found no significant differences in endogenous mouse tau mRNA levels in brains of 5-month-old WT, Tau-P301, Tau-P301S;RanBP9þ/À, and RanBP9þ/À littermates by qRT-PCR (Fig.  1H ). To ensure that these results from the brain are also consistent in primary neurons, we also utilized hippocampal primary neurons from WT and RanBP9þ/À mice. As expected, we also found no significant differences in mouse tau mRNA levels between WT vs RanBP9þ/À primary neurons on DIV14 (Fig. 1I) , collectively indicating that RanBP9 does not alter tau protein levels by regulating tau mRNA.
As RanBP9 positively regulates Ab secretion (19, 20) , it is possible that alterations in Ab by RanBP9 might influence tau levels. To determine whether Ab plays a role in RanBP9-induced changes in tau, we treated Hela V5-tau cells transfected with RanBP9 siRNA with/without the potent c-secretase inhibitor DAPT. As expected, RanBP9 knockdown significantly reduced tau levels, whereas DAPT treatment had no effect on tau levels despite an expected increase in APP C-terminal fragment (CTF) ( Fig. 1J and K) . To ensure that these results are consistent in primary neurons, we utilized cortical primary neurons derived from Tau-P301S and Tau-P301S;RanBP9þ/À mice. As expected, Tau-P301S;RanBP9þ/À primary neurons showed significantly decreased tau level compared to Tau-P301S littermates, whereas c-secretase inhibition (DAPT) again had no effect on tau levels. These data indicate that the observed changes in tau levels by RanBP9 are independent of its effects on Ab ( Fig. 1l and M ).
RanBP9 interacts with tau and Hsp90/Hsc70 complexes to increase tau levels
We next sought to explore the underlying mechanistic relationship between RanBP9 and tau at the post-translational level. RanBP9 is a multimeric scaffolding protein (25), which we have previously shown to enhance APP and BACE1 complexes to increase APP endocytosis and Ab production (19) . RanBP9 has also been shown to alter the action of Hsp90 on c-raf (26) . Given that Hsp90/Hsc70 complexes are well known to enhance tau stability at the protein level (7) (8) (9) 14, 15, (27) (28) (29) (30) , we hypothesized that RanBP9 may play a role in regulating tau levels via molecular chaperones such as Hsp90 and/or Hsc70. To this end, we first assessed whether RanBP9 overexpression affects the interaction between tau and Hsp90 in Hela V5-Tau cells by coimmunoprecipitation (IP) experiments. RanBP9 overexpression significantly increased the amount of endogenous Hsp90 in tau immune complexes, whereas little to no Hsp90 or RanBP9 were detected in IgG-bead immune complexes alone ( Fig. 2A and B) . We also observed the presence of endogenous RanBP9 in tau immune complexes, which increased upon RanBP9 transfection ( Fig. 2A) Conversely, siRNA knockdown of RanBP9 significantly reduced endogenous Hsp90 in tau immune complexes ( Fig. 2C  and D) . Likewise in brain, we found that Hsp90/tau complexes were significantly reduced in 5-month-old Tau-P301S;RanBP9þ/ À hippocampus compare to Tau-P301S littermates ( Fig. 2E and F). RanBP9 was also observed in tau immune complexes in WT brains, which increased in Tau-P301S mice ( Fig. 2E and F) . Again, neither Hsp90 nor RanBP9 was detected in IgG-bead immune complexes alone (Fig. 2E) . Nearly identical findings were also observed in DIV18 cortical neurons, in which the Hsp90/tau complex was significantly reduced by genetic reduction of 
(g) RanBP9 ( Fig. 2G and H) . In all cases in Hela V5-Tau cells, primary neurons, or brain, we did not observe differences in Hsp90 levels secondary to changes in RanBP9 expression. To assess this phenotype in a different way, we performed tau/Hsp90 double immunocytochemistry in DIV21 hippocampal primary neurons, which consistently showed that the colocalization of tau with Hsp90 in primary neurites was significantly reduced in Tau-P301S;RanBP9þ/À neurons compared to Tau-P301S littermate neurons ( Fig. 2I and J), collectively demonstrating that RanBP9 enhances the Hsp90/tau complex. Consistent with the aforementioned observations, overexpression of Flag-RanBP9 or Flag-RanBP9-D1 deletion mutant in Hela V5-Tau cells significantly increased tau levels ( Fig. 2K and L). The RanBP9-D1 (residues 1-392) mutant retains the proline-rich (PRD), PTPN13-Like Y-linked-in splA kinase and ryanodine receptor (PRY-SPRY) and lissencephaly homology (LisH) domains but lacks the C-terminal CTLH and CRA domains. This N-terminal fragment of RanBP9 has previously been shown to strongly enhance Ab production by scaffolding APP/BACE-1 complexes together and is significantly increased in the brains of AD patients (16, 19) . Given that RanBP9 formed a complex with tau and promoted the formation of Hsp90/tau and complexes, we next tested whether RanBP9 per se interacts with Hsp90 and/or Hsc70 complexes, the latter due to the mutual cooperation of Hsp90/Hsc70 complexes in tau preservation. Indeed, both Hsp90 and Hsc70 were detected in RanBP9 immune complexes, and overexpression of RanBP9 in Hela V5-Tau cells significantly enhanced both Hsp90 and Hsc70 in RanBP9 immune complexes ( Fig. 2M and N ). This association of RanBP9 with Hsp90 and Hsc70 were not dependent on tau overexpression, as RanBP9/Hsp90 and RanBP90/Hsc70 complexes were similarly detected in Hela cells lacking tau expression (Supplementary Material, Fig. S1 ). In Hela-V5-Tau cells, overexpression of RanBP9 or RanBP9-D1 mutant significantly increased the amount of Hsp90 and Hsc70 in tau immune complexes, with the RanBP9-D1 mutant having a stronger effect than full-length RanBP9 ( Fig. 2O and P) . However, the RanBP9-D1 L mutant (residues 1-340), which is the D1 lacking the LisH dimerization domain (16), did not effectively increase Hsp90/Hsc70 complexes with tau nor increase tau levels (Supplementary Material, Fig.  S2 ), suggesting a role for RanBP9 dimerization/oligomerization in this activity. Concomitant with an increase in tau/Hsc70 complexes upon RanBP9 overexpression, the amount of tau pulled down in tau immune complexes was also expectedly increased, reflecting an increase in total tau (Fig. 2Q) . Finally, we confirmed in cell-free recombinant protein pulldown assays that recombinant RanBP9 PRY-SPRY-LisH (PSL) domain (residues 147-397) directly binds to recombinant Hsp90, Hsc70, and tau, and that RanBP9-PSL also increases the tau/Hsp90 complex in vitro (Supplementary Material, Fig. S3 ). These data collective indicate that RanBP9 directly forms complexes with tau and Hsp90/ Hsc70 to promote the stability of tau.
Hsp90/Hsc70 inhibitors reduce both tau and RanBP9 level in cell lines and primary neurons
Multiple studies have shown that inhibitors of the ATPase activity of Hsp90 or Hsc70 ameliorate tauopathies by reducing tau levels (9, 12, 15, 27, 28, 31) . Given that Hsp90 and Hsc70 formed complexes not only with tau but also with RanBP9, we assessed the effects of various Hsp90 and Hsc70 inhibitors simultaneously on tau and RanBP9 protein levels. First, we treated Hela V5-Tau cells with 17-AAG, a well-characterized Hsp90 inhibitor. As expected, 17-AAG (1 lM) treatment for 16 h significantly reduced tau levels by $50% (Fig. 3A and B) . Surprisingly, we also noticed that RanBP9 levels were equally reduced by 17-AAG treatment ( Fig. 3A and B) . To confirm our findings, we treated DIV15 primary cortical neurons with 17-AAG. Consistently, 17-AAG treatment to primary neurons equally reduced both tau and RanBP9 levels ( Fig. 3C and D ). Next, we tested a novel, novobiocin-based Hsp90 inhibitor KU-32 (32) in Hela V5-Tau cells. Consistent with 17-AAG treatment, KU-32 treatment significantly reduced both tau and RanBP9 levels ( Fig. 3E and F) . Again in DIV15 primary cortical neurons, KU-32 treatment dosedependently decreased tau and RanBP9 levels, the latter even more effectively than tau ( Fig. 3G and H) . To examine the effect of Hsc70 inhibition on RanBP9 and tau levels, we used JG-98, an allosteric Hsc70 inhibitor (33) , which has been shown to exert higher anti-tau capacity compared to other compounds (11, 13, 15, 34, 35) . In DIV15 primary neurons, treatment of JG-98 dose-dependently reduced both tau and RanBP9 levels by $50% and $70%, respectively, at 10 mM concentration (Fig. 3I and J) . To determine whether the ATPase activities of Hsp90/Hsc70, which govern tau stability, also alter RanBP9 levels, we transfected Hela V5-Tau cells with the Hsp90 dominant negative variant (Hsp90 D88N), which does not hydrolyze ATP (36) . Indeed, Hsp90 dominant negative transfection significantly reduced endogenous RanBP9 levels ( Fig. 3K and L) . Likewise, the Hsc70 dominant negative variant (Hsc70 E175S) (11,37) also significantly reduced endogenous RanBP9 levels ( Fig. 3M and N) Thus, Hsp90/Hsc70 inhibitors as well as Hsp90/Hsc70 dominant negative variants decrease both tau and RanBP9 levels.
RanBP9 modulates the efficacy of Hsp90/Hsc70 inhibitors and Hsc70 variants
Given that Hsp90/Hsc70 inhibitors decreased both tau and RanBP9, we next hypothesized that Hsp90/Hsc70 inhibitors reduce tau at least in part via RanBP9. Thus, we examined whether modulating RanBP9 levels alters the efficacy of Hsp90/ Hsc70 inhibitors. As expected, RanBP9 overexpressing cells showed increased tau levels ( Fig. 4A and B) . However, the efficacy of 17-AAG was significantly reduced by RanBP9 overexpression ( Fig. 4A and B) . Conversely, RanBP9 siRNA knockdown significantly reduced tau levels ( Fig. 4C and D) . However, the efficacy of 17-AAG likewise was significantly nullified by RanBP9 knockdown (Fig. 4C and D) , such that 17-AAG no longer produced a significant reduction in tau under these conditions. We next assessed the efficacy of another Hsp90 inhibitor KU-32 with or without RanBP9 knockdown in Hela V5-Tau cells. While KU-32 reduced tau levels in a dose-dependent manner in control siRNA transfected cells, RanBP9 siRNA transfected cells already showed significantly reduced tau levels, and KU-32 treatment produced no significant effects on tau levels upon RanBP9 siRNA transfection ( Fig. 4E and F) . Furthermore, we monitored the efficacy of the Hsc70 inhibitor JG-98 with or without RanBP9 knockdown in Hela V5-Tau cells. As expected, RanBP9 siRNA knockdown significantly reduced tau levels. Whereas JG-98 treatment robustly reduced tau in control cells, the same treatment failed to reduce tau in RanBP9 siRNA transfected cells ( Fig. 4G and H) , suggesting that the interaction of RanBP9 with Hsp90/Hsc70 complexes effectively modifies their ability to preserve tau.
Previous studies have shown that while Hsc70 stabilizes tau, the Hsc70 variant E175S, which does not have Hsc70 activity but still binds to tau, fails to increase tau and often reduces tau in a dominant negative manner (11, 37) . In our studies, we observed that Hsc70 overexpression in Hela V5-Tau cells significantly increased tau levels, whereas Hsc70-E175S expression failed to increase tau (Fig. 4I and J) . To this end, we used these Hsc70 variants to study the effects of RanBP9 on tau without using drug inhibitors. As expected, expression of RanBP9-D1 increased tau levels by more than 60% (Fig. 4I and J) . However, similar to that seen with Hsp90 and Hsc70 inhibitors, expression of Hsc70 variants (WT or E175S) had no significant effects on tau levels when co-transfected with RanBP9-D1 ( Fig. 4I and J) . We next tested whether genetic reduction in RanBP9 also alters the effects of Hsc70 variants in cortical primary neurons. Upon transduction of Tau-P301S neurons with control adeno-associated virus 9 (AAV9), Hsc70-AAV9, or Hsc70-E175S-AAV9, we again observed an increase in tau levels by Hsc70 but not Hsc70-E175S transduction ( Fig. 4K and L) . However, transduction of Hsc70 variants did not significantly alter tau levels in Tau-P301S;RanBP9þ/À neurons ( Fig. 4K and L) . To confirm this observation in a different way, we transduced WT and RanBP9À/À hippocampal neurons with Hsc70 or Hsc70-E175S AAV9 on DIV7 and performed immunocytochemistry for tau on DIV21. As expected, tau intensity was significantly increased by Hsc70 transduction in WT neurons, whereas Hsc70-E175S transduction somewhat reduced tau levels ( Fig. 4M and N) . In contrast, tau intensity was modestly but significantly reduced by Hsc70 transduction in RanBP9À/À neurons, whereas Hsc70-E175S transduction had no effect on tau levels in RanBP9À/À neurons ( Fig. 4M and N) . Likewise, the efficacies of the Hsp90 inhibitor 17-AAG ( Fig. 4O and P) and the Hsc70 inhibitor JG-98 ( Fig. 4Q and R) were effectively diminished in RanBP9À/À primary neurons, confirming the prediction that Hsp90/Hsc70 complexes work in concert with RanBP9 to preserve tau.
RanBP9 promotes ATP-binding ability of Hsp90/Hsc70 complexes and increases Hsc70 ATPase activity
Previous studies have shown that inhibitors of ATP binding or ATPase activity can block Hsp90 function as well as reduce tau phosphorylation and protein levels (9, 12) . To determine whether RanBP9 affects the ATP-binding ability of Hsp90, we performed an ATP-agarose pull down assay using cell lysates from Hela V5-Tau cells transfected with vector control, an irrelevant protein GFP, or Flag-RanBP9. Intriguingly, RanBP9 overexpressing cells showed a significant >2-fold increase in Hsp90 binding to ATP-agarose compared to vector or GFP control transfected cells, suggesting an increased capacity for Hsp90 complexes to bind ATP (Fig. 5A and B) . We also performed ATP- agarose pull-down for Hsc70. Indeed, RanBP9 overexpressing cells also showed a significant >2-fold increase of Hsc70 binding to ATP-agarose compared to vector or GFP control transfected cells ( Fig. 5A and B) . Given the physical interaction of RanBP9 with Hsp90 and Hsc70 complexes and the robust increase in ATP-binding capacity of both Hsp90 and Hsc70 upon RanBP9 overexpression, we next tested whether RanBP9 affects ATPase activity of Hsc70 and Hsp90 in vitro. We first incubated recombinant Hsc70 together with/without recombinant RanBP9 (PSL domain) with varying concentrations of ATP and measured Hsc70 ATPase activity by malachite green assay. As expected, increasing ATP concentrations yielded increased ATPase activity in a saturating manner (Fig. 5C) . Addition of RanBP9-PSL increased Hsc70 ATPase activity, especially at low ATP concentrations (125 & 250 lM) (Fig. 5C) , and multiple experiments confirmed that RanBP9-PSL significantly increases Hsc70 ATPase activity by >60% at 125 lM ATP concentration in vitro (Fig. 5D ). Similar 
Flag-Δ1
(a) (e) stimulation of Hsp90 ATPase activity by RanBP9-PSL was also seen (Fig. 5E) , such that the addition of RanBP9-PSL enhanced Hsp90 activity by a significant 46% at 125 lM ATP concentration ( Fig. 5E and F) , whereas RanBP9-PSL per se contained no ATPase activity (Fig. 5E ). These results therefore indicate that RanBP9 not only promotes ATP binding capacity of Hsp90/Hsc70 complexes but also directly enhances Hsc70 and Hsp90 ATPase activities to preserve tau, similar to chemical activators of Hsc70 activity (15) .
Genetic reduction in RanBP9 ameliorates tau pathology in tau-P301S mice in vivo
We performed immunohistochemistry for human tau (HT7) in 6-month-old Tau-P301S and Tau-P301S;RanBP9þ/À littermates brains. As expected, Tau-P301S;RanBP9þ/À mice demonstrated significantly decreased HT7 (total human tau) immunoreactivity throughout the cortex compared to Tau-P301S littermates ( Fig. 6A and B) . Furthermore, we performed immunohistochemistry for pTau199/202 to detect phospho-tau at Serine 199/202 in the hippocampus and cortex of WT, Tau-P301S, and Tau-P301S;RanBP9þ/À littermates. Indeed, p199/202 positive phospho-tau was dramatically increased in Tau-P301S hippocampus and cortex compared to WT mice ( Fig. 6C and D) . However, p199/202-tau was significantly decreased by $75% in Tau-P301S;RanBP9þ/À mice in both hippocampus and cortex compare to littermate Tau-P301S mice ( Fig. 6C and D) , similar to that seen with total tau (HT7). Immunoblotting and quantification of phospho-tau from the hippocampus confirmed that pTau199/202 and pTau396/404 (PHF-1) were indeed reduced in Tau-P301S;RanBP9þ/À mice compared to Tau-P301S mice ( Fig. 6E and F) . As expected from the observed tauopathy in the Tau-P301S mice, GFAP-positive hippocampal astrogliosis was significantly increased in Tau-P301S mice compared to littermate WT mice ( Fig. 6G and H) . In contrast, Tau-P301S;RanBP9þ/ À hippocampus exhibited significantly reduced GFAP immunoreactivity to levels that were indistinguishable from WT littermate mice ( Fig. 6G and H ).
RanBP9 reduction rescues deficits in synaptic integrity and plasticity in tau-P301S mice
We next examined brains of 6-month-old Tau-P301S, Tau-P301S;RanBP9þ/À, and WT littermates mice for synaptophysin immunoreactivity, a presynaptic marker. In the hippocampus, Tau-P301S mice demonstrated significantly decreased synaptophysin intensity within the stratum lucidium (SL: synaptic terminating zone) of hippocampal Cornus ammonis 3 (CA3) region ( Fig. 7A and B) . However, Tau-P301S;RanBP9þ/À mice showed significantly restored synaptophysin intensity in the SL to levels that were indistinguishable from WT mice ( Fig. 7A and B) . To investigate synaptic integrity in a different way, we cultured P0 primary hippocampal neurons derived from WT, Tau-P301S, and Tau-P301S;RanBP9þ/À littermates. Immunocytochemistry on DIV21 showed a significant depletion of drebrin, a postsynaptic marker, within primary dendrites and dendritic spines of Tau-P301S neurons compared to WT neurons ( Fig. 7C and D) . In contrast, drebrin fluorescence intensity in Tau-P301S;RanBP9þ/ À primary neurons was significantly restored nearly to levels seen in WT neurons ( Fig. 7C and D) .
To investigate the functional correlates of tauopathy and synaptic integrity in terms of changes in synaptic plasticity, we utilized acute hippocampal slices derived from 3-month old WT, Tau-P301S, and Tau-P301S;RanBP9þ/À littermates, similar to our previous investigations of APP/PS1 mice (17) . The simulating electrode was placed in the Schaffer collaterals of the hippocampus, and the recording electrode was positioned at the CA1 stratum radiatum below the pyramidal cell layer. Input-output analysis by stepping up the stimulus intensity from 0 to 15 mV showed no significant differences between WT and Tau-P301S Figure 4 . Continued slices or between Tau-P301S and Tau-P301S;RanBP9þ/À slices, although a subtle but significant increase was seen in Tau-P301S;RanBP9þ/À slices compared to WT slices from 10 to 15 mV (Fig. 7E) . In paired pulse facilitation (PPF) studies, a significant decrease in fEPSP slope was seen in Tau-P301S slices compared to WT slices across the vast majority of interstimulus intervals, while no significances differences were seen between WT and Tau-P301S;RanBP9þ/À slices (Fig. 7F) . In long-term potentiation (LTP) experiments using theta burst stimulation, Tau-P301S slices exhibited severely defective induction and maintenance of LTP compared to WT and Tau-P301S;RanBP9þ/À slices, while LTP in Tau-P301S;RanBP9þ/À slices was essentially indistinguishable from that of WT slices (Fig. 7G) . These data taken together demonstrate that endogenous RanBP9 levels are essential to promote tauopathy and associated deficits in synaptic plasticity.
Discussion
In this study, we utilized a human cell line expressing human tau, primary neurons of various tau and RanBP9 genotypes, acute brain slices, and genetically modified mice to investigate the role of RanBP9/Hsp90/Hsc70 complexes in tau level and tauopathy. We made a number of novel observations demonstrating that endogenous RanBP9, which we have previously shown to enhance Ab production and mediate Ab-induced neurotoxicity (17) (18) (19) , also enhances tau levels in vitro and in vivo. Specifically, we showed for the first time that overexpression or knockdown of RanBP9 directly enhances and reduces tau level, respectively, in vitro and in vivo. Such changes in tau level were associated with the ability of RanBP9 to physically interact with tau and Hsp90/Hsc70 complexes. Meanwhile, both RanBP9 and tau levels were simultaneously reduced by Hsp90 and Hsc70 inhibitors, whereas overexpression or knockdown of RanBP9 significantly diminished the anti-tau potency of Hsp90/Hsc70 inhibitors as well as Hsc70 variants (WT & E175S), suggesting that RanBP9 alters the ability of Hsp90/Hsc70 complexes to triage and stabilize tau (Fig. 8) . Indeed, we showed that RanBP9 increases the capacity for both Hsp90 and Hsc70 complexes to bind ATP and that the PSL domain of RanBP9 is sufficient to promote the ATPase activities of Hsp90 and Hsc70 in vitro. As both Hsp90 and Hsc70 are known to preferentially preserve tau upon decoupling from microtubules, our data indicate that the interaction of RanBP9 with Hsp90/Hsc70 complexes normally functions to facilitate this process (Fig. 8 ). These observations in vitro and cell lines were recapitulated in primary neurons and in vivo, as genetic reduction in RanBP9 not only ameliorated tauopathy in Tau-P301S mice but also rescued the deficits in synaptic integrity and plasticity. Tau is a microtubule associated protein that normally functions to stabilize microtubules (4). It has previously been shown that upon decoupling of tau from microtubules and hyperphosphorylation, chaperone proteins such as Hsp90 and Hsc70 complexes function to triage misfolded tau for degradation or refolding/preservation. The dominant activity of Hsp90 and Hsc70 on misfolded tau, however, appears to be the preservation of tau, since various specific Hsp90 and Hsc70 inhibitors result in the loss of tau via routing tau for proteasomal degradation. Our observation that RanBP9 interacts with both tau and Hsp90/Hsc70 complexes and promotes the complexation of tau with Hsp90 and Hsc70 is consistent with the notion that RanBP9 may function as scaffold upon which these proteins are assembled. This was also supported by the direct binding of RanBP9-PSL to tau and Hsc90/Hsc70 in vitro. Alternatively, but not mutually exclusively, it is plausible that RanBP9 alters the conformation of the Hsp90/Hsc70 complexes to facilitate tau/Hsp90/Hsc70 interaction in a way that does not readily permit the triaging of tau for degradation. The latter notion is supported by our observation that RanBP9 promotes ATP binding to both Hsp90 and Hsc70 complexes while enhancing their ATPase activities in vitro. To our knowledge, such protein-based regulatory activity of Hsp90/Hsc70 complexes on tau has not been observed before. Evidently, Hsp90 has been shown to have an increased affinity for ATP competitive inhibitors in AD brain tissue (9), suggesting a conformational change. Given that RanBP9 is elevated in AD and AD mouse model brains (16) (17) (18) , the increased ATP binding of Hsp90 found here may be a contributing factor. At the same time, RanBP9 per se appears to be a client to the Hsp90/Hsc70 chaperone complex, while simultaneously assuming a regulatory function on the complex. Such mode of action may be needed to alternate rapidly between preservation or triaging of different client proteins in a normal physiological setting.
RanBP9 is a multi-domain scaffolding protein, which we and others have shown to affect multiple biochemical signaling processes (18, 21, (38) (39) (40) (41) (42) . Complete loss of RanBP9 leads to neonatal lethality associated with developmental patterning of the brain and other organs (38, 43) . However, we have also previously shown that genetic reduction in one copy of RanBP9 blocks Ab production and Ab-induced neurotoxic changes (17) (18) (19) . These RanBP9þ/À mice are completely normal and viable. In this study, our findings indicated that reducing RanBP9 also protects against tau pathology through a different mechanism. This mechanism involves Hsp90/Hsc70 complexes in a way to enhance the preservation of tau. Whether this phenomenon is unique to tau is unknown. However, we and others have shown that RanBP9 also stabilizes other proteins, such as SSH1, p73, and mgl-1 (17, 42, 44, 45) . In contrast, RanBP9 has also been implicated in destabilizing c-raf potentially by reducing its association with Hsp90 (26) . Therefore, it is plausible to speculate that the effects of RanBP9 on Hsp90/Hsc70 complexes are varied depending on the client protein, leading to the facilitation of Hsp90/Hsc70 complexes binding to certain proteins (i.e. tau) at the expense of others (i.e. c-raf). Other studies have shown that RanBP9 is localized to various compartments in cells, including the plasma membrane associated with receptor complexes (21, 46, 47) , cytoplasm associated with mitochondria and microtubules (44, 48, 49) , and the nucleus associated with chromatin (49, 50) . As such, signal-and cell-dependent localization of RanBP9 will likely have differing effects on clients of Hsp90/Hsc70 complexes.
The observations that reducing RanBP9 rescues amyloid, cofilin-actin, and tau pathologies (17) underscore the importance of RanBP9 as a unique and potentially viable therapeutic target for neurodegenerative diseases such as AD. We previously showed that the N-terminal 60-kD fragment of RanBP9 (RanBP9-D1) is dramatically increased in AD brains, and full-length RanBP9 is >3-fold increased in two different APP transgenic mouse models of amyloid pathology (J20 & APP/PS1) (16) (17) (18) . Despite our observations that RanBP9 increases tau levels independent of its effect on Ab production in our experimental setting, it is reasonable to postulate that increased RanBP9 levels in AD brains contribute to both elevated Ab and tau levels. Moreover, as increased RanBP9 levels significantly nullified the potency of Hsp90/Hsc70 inhibitors on tau, and various Hsp90/ Hsc70 inhibitors are currently being considered as potential therapeutic agents for AD (9, 12, 15, 27, 28, 31) , normalizing RanBP9 levels or activity may additionally prove to enhance the efficacy of Hsp90/Hsc70 inhibitors on neurodegenerative phenotypes.
Materials and Methods
Cells, constructs, siRNA sequences, and transfections Stably transfected HeLa cells over-expressing wildtype 4R0N human tau (15), tet-regulated tau stable cell lines (51), Hsp90, Hsp90 D88N (36), Hsc70, Hsc70 E175S mutant constructs (52) have previously been described. The siRNA sequence targeting RanBP9 (5 0 -UCUUAUCAACAAUACCUGC-3 0 ) was obtained from GE Dharmacon (Lafayette, CO, USA). All cells were transfected for 48 h using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) per the manufacturer's instructions. Cortical and hippocampal neurons were derived from postnatal day 0 (P0) pups and cultured on polyd-lysine-coated plates or coverslips as previously described (18, 53) . AAV9 was prepared according to standard methods (54, 55) . Primary neurons were transduced at DIV7 and harvested at DIV 15 or 18 for immunoblotting or at DIV21 for immunocytochemistry. 
Antibodies and reagents
Cell/tissue lysis and immunoblotting
Cultured cells or brain (36) homogenates were lysed with lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100) unless stated otherwise. Total protein concentrations were quantified by the micro-BCA colorimetric protein detection assay (Pierce, Waltham, MA, USA). Equal amounts of protein were subjected to SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting. Membranes were blocked for 1 h in 5% skimmilk in TBS-T before being incubated with primary antibodies. After probing with the primary antibodies, the corresponding peroxidase-conjugated secondary antibodies were detected by ECL (Merck Millipore, Darmstadt, Germany) and capture using the LAS-4000 imager (GE Healthcare Biosciences, Pittsburgh, PA).
Quantitative real time RT-PCR
Quantitative real-time RT-PCR was performed using Roche LightCyclerV R 96 System (Life Science, San Francisco, CA, USA), following the manufacturer's recommended conditions. Total RNA was isolated from transiently transfected cells using Trizol reagent (Invitrogen), reverse transcribed (Superscript III, Invitrogen), and subjected to quantitative PCR analysis using Syber green master mix (Invitrogen). The comparative threshold cycle (Ct) value was used to calculate the amplification factor, and the relative level of target was normalized to GAPDH levels as we previously described (44) . The primers sequences are as follows: Human Tau-forward 5'-CCAAGCTCGCATGGTCAGTA-3' and reverse-5'-GGCAGACACCTCGTCAGCTA-3'; mouse Tauforward 5'-GGCTCTACTGAGAACCTGAA-3' and reverse 5'-TCTG CTCCATGGTCTGTCTT-3'; human GAPDH-forward 5'-AAGGT CGGAGTCAACGGATT-3' and reverse 5'-CCATGGGTGGAATCAT ATTGG-3'; Mouse GAPDH-forward 5'-TCAACAGCAACTCCCAC TCTT-3' and reverse 5'-ACCCTGTTGCTGTAGCCGTAT-3'.
Recombinant protein binding and ATPase activity assays
Recombinant human Hsc70 or Hsp90 was used in a malachite green assay with or without recombinant RanBP9 (PSL domains, residues 147-397). A master mix of Hsc70 or Hsp90 was prepared in assay buffer (0.017% Triton X-100, 100 mM Tris À HCl, 20 mM KCl, and 6 mM MgCl2, pH 7.4). An aliquot of this mixture (10 ll) was added into each well of a 96-well plate. To this solution, RanBP9 and H 2 O were added to 36 ll, and the plate was incubated for 30 min at 25 C before adding 4 ll of 10 mM ATP to start the reaction. Thus, the final reaction volume was 40 ll containing 1.25 lM Hsc70, 6 1 lM RanBP9, 0.017% Triton X-100, and varying concentrations ATP (or 0.125, 0.25, 0.5 mM 
Mice
Tau-P301S, WT, RanBP9þ/À mice were all bred in the C57BL6 background for at least three generation prior to interbreeding with each other. Tau-P301S mice express mutant human tau-P301S driven by the mouse prion protein promoter (24) . The RanBP9þ/À mice have previously been characterized (17) . Mice were supplied with water and food ad libitum with 12-h light/ dark cycle at standard vivarium conditions.
Immunofluorescence
Immunocytochemistry and Immunohistochemistry were performed as previously described (17, 53) . Briefly, animals were perfused with 4% paraformaldehyde in PBS. Later, brains were post-fixed in 4% paraformaldehyde in PBS for overnight, then cryoprotected in 30% sucrose and sectioned on a cryostat or microtome. For immunocytochemistry, cells were fixed in 4% paraformaldehyde in PBS for 15 min and blocked with 3% normal goat serum. Primary antibodies were applied for overnight at 4 C, and secondary antibodies were applied for 45 min at room temperature. All images were acquired with the Olympus FV10i confocal microscope (Tokyo, Japan) and quantitated using the Image J software. Comparison images were acquired with identical laser intensity, exposure time, and filter. Adjustments to the brightness/contrast were applied equally to all comparison images. Regions of interest were chosen randomly, and investigators were blinded to experimental conditions during image acquisition and quantification.
Electrophysiology
Electrophysiological recording was performed as previously described (53) . Briefly, hippocampus slices were prepared from 3-month-old WT, Tau-P301S, and Tau-P301S;RanBP9þ/À mice and subjected to input/output (IO) curve, PPF, and long-term potentiation (LTP) (56) . The hippocampus was dissected and acclimated in 50:50 solution (cutting:artificial cerebrospinal fluid (ACSF) for 10 min at room temperature. Then the slices were transferred to ACSF (125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 0.26 mM NaHCO 3 , 1.2 mM MgCl 2 , 2.0 mM CaCl 2 , and 10 g/l glucose, pH 7.3-7.4, saturated with 95% O 2 and 5% CO 2 ). Slices were recovered in ACSF at room temperature at least 40 min, followed by a final incubation in ACSF for 1 h at 30 C.
Extracellular field potential recording, LTP: the recording chamber was held at 30 6 0.5 C with ACSF flow rate of 1 ml/min. The stimulating electrode was placed in the Schaffer collaterals of the hippocampus. The recording glass electrode loaded with ACSF was positioned at the CA1 stratum radiatum below the pyramidal cell layer.
